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ABSTRACT
Earth’s storm tracks are instrumental for transporting heat, momentum, and moisture and thus strongly
influence the surface climate. Climate models, supported by a growing body of observational data, have
demonstrated that storm tracks shift poleward as the climate warms. But the dynamical mechanisms re-
sponsible for this shift remain unclear. To isolate what portion of the storm track shift may be accounted for by
large-scale dry dynamics alone, disregarding the latent heat released in phase changes of water, this study
investigates the storm track shift under various kinds of climate change in an idealized dry general circulation
model (GCM)with an adjustable but constant convective stability. It is found that increasing themean surface
temperature or the convective stability leads to poleward shifts of storm tracks, even if the convective stability
is increased only in a narrow band around the equator. Under warming and convective stability changes
roughly corresponding to a doubling of CO2 concentrations from a present-day Earthlike climate, storm
tracks shift about 0.88 poleward, somewhat less than but in qualitative agreement with studies using moist
GCMs. About 63% (0.58) of the poleward shift is shown to be caused by tropical convective stability varia-
tions. This demonstrates that tropical processes alone (the increased dry static stability of a warmer moist
adiabat) can account for part of the poleward shift of storm tracks under global warming. This poleward shift
generally occurs in tandem with a poleward expansion of the Hadley circulation; however, the Hadley cir-
culation expansion does not always parallel the storm track shift.
1. Introduction
The cyclones and anticyclones that carry out the bulk
of the heat, moisture, and momentum transport in Earth’s
extratropical atmosphere are concentrated in storm
tracks: regions of enhanced eddy kinetic energy (EKE)
in the midlatitudes (Blackmon 1976; Blackmon et al.
1977). Storm tracks are found in the Northern Hemi-
sphere primarily over theAtlantic and PacificOceans; in
the Southern Hemisphere, they are more zonally uni-
form. In both hemispheres, the storm tracks, identified
as regions of enhanced eddy kinetic energy, are currently
centered around 508 latitude. There is clear modeling
evidence that storm tracks shift poleward as the climate
warms globally, on average by about 28 latitude under
a doubling of carbon dioxide concentrations (Yin 2005;
Bengtsson et al. 2006; Swart and Fyfe 2012; Barnes and
Polvani 2013). However, it is unclear what dynamical
processes are responsible for this poleward shift.
Numerous mechanisms driving a poleward shift of
storm tracks have been proposed. One group of studies
posits that low-level baroclinicity controls where storm
tracks are located and that changes in it drive storm
track shifts. For example, Yin (2005) suggests that a
change in the meridional temperature gradients is re-
sponsible for a poleward shift of the maximum of a
baroclinicity measure, implying a concomitant shift of
storm tracks. By contrast, Lu et al. (2010) hold that an
increase in the subtropical and midlatitude static sta-
bility is responsible for a poleward shift of the maximum
of a similar baroclinicity measure and hence for a pole-
ward shift of storm tracks. Furthermore, Brayshaw et al.
(2008) posit that the strength and location of anomalous
SST gradients relative to the location of the subtropical
jet drive the poleward shift of storm tracks, while Butler
et al. (2010, 2011) emphasize the role of tropical heating
in modifying the low-level baroclinicity and storm track
position. Another group of studies posits that changes
in the upper troposphere and lower stratosphere modify
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wave propagation characteristics and thus lead to storm
track shifts (e.g., Kushner and Polvani 2004; Chen and
Held 2007; Lorenz and DeWeaver 2007; Chen et al.
2008; Butler et al. 2010). Yet others suggest that in-
creasing eddy length scales under global warming may
play a role in storm track shifts (Kidston et al. 2010;
Riviere 2011).
These mechanisms are not mutually exclusive, and
several of them may act simultaneously. Our goal in this
paper is to disentangle distinct dynamical processes that
may act jointly in global warming scenarios. For exam-
ple, increased mean surface temperatures generally lead
to a higher tropopause (Held 1982; Schneider 2007), to
increased lower-level static stability through increased
latent heat release in phase changes of water, both in the
tropics and extratropics (e.g., Xu and Emanuel 1989;
Emanuel 2007; Schneider and O’Gorman 2008), and
typically to reduced pole–equator near-surface temper-
ature contrasts through increased poleward latent heat
transport (Pierrehumbert 2002; Caballero and Langen
2005; O’Gorman and Schneider 2008; Caballero and
Hanley 2012). The presence of moisture in the atmo-
sphere thus links surface temperature changes to static
stability changes and to temperature gradient changes,
which have distinct dynamical effects. To separate such
effects, and to demonstrate that at least part of the
poleward shift of storm tracks can be understood irre-
spective of how large-scale dynamics affect latent heat
release, we study the storm track response to various
idealized climate changes in a dry GCM, similar to those
used by Kushner and Polvani (2004), Chen and Held
(2007), and Butler et al. (2010). In theGCM, we vary the
mean surface temperatures separately from an adjust-
able but constant convective stability, which controls the
tropical static stability but has a less direct effect on the
extratropical static stability (Schneider and Walker 2006;
Schneider and O’Gorman 2008). This allows us to more
clearly separate tropical from extratropical mechanisms
driving storm track shifts.
2. Idealized dry GCM and simulations
We conduct a series of simulations over a wide range
of climates using the idealized dry GCM described in
detail in Schneider (2004) and Schneider and Walker
(2006). Here, we give a brief overview of some aspects
of the GCM pertinent to this study. The GCM uses the
dry dynamical core of the Geophysical Fluid Dynamics
Laboratory (GFDL)’s Flexible Modeling System and
solves the primitive equations in a spherical shell with
T85 horizontal resolution and 30 vertical sigma levels.
A Newtonian relaxation scheme represents radia-
tive transfer and surface fluxes in an idealized way.
Temperatures are relaxed to a radiative equilibrium
profile on a time scale of 7 days near the surface in
low latitudes and 50 days in the rest of the atmosphere.
The radiative equilibrium temperature at the surface is
given by
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where f is latitude, Dh is the pole–equator thermal
contrast, andT
e
s is themean near-surface temperature in
radiative equilibrium. The radiative equilibrium tem-
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is a latitude-dependent optical thickness that depends
on the near-surface radiative equilibrium temperature
Tes (f). The optical depth is chosen so that the radiative
equilibrium temperatureTet at the top of the atmosphere
is constant. In this study, it is set to Tet 5 200K in all
simulations; that is, we assume a fixed longwave emis-
sion temperature, as the longwave emission temperature
for a gray atmosphere is proportional to the temperature
at the top of the atmosphere (Schneider 2007). The ratio
a of the pressure scale height to the partial pressure
scale height of the dominant infrared absorber controls
the radiative equilibrium lapse rate [see Schneider (2004)
for a discussion of the role of optical thickness and a
in this GCM]. The pole–equator thermal contrast Dh is
set to 120K, which is prescribed in the GCM and is
chosen to ensure sufficient (Earth like) macroturbulence
in midlatitudes.
We use standardEarth values for physical parameters.
There are no continents in the GCM, and moisture
effects, such as latent heat release and transport, are
neglected. The radiative equilibrium profile of the dry
GCM is unstable to thermal convection. The ensuing
convection is represented by a quasi-equilibrium scheme,
which relaxes temperatures in an atmospheric column
toward a convective lapse rate given by gGd, whenever
the column is less stable than one with this convective
lapse. Here, Gd5 g/cp is the dry adiabatic lapse rate, and
g is a rescaling parameter, which is inversely propor-
tional to the local degree of stability. Decreasing g in-
creases the stability of the atmosphere, mimicking some
of the effects of latent heat release in moist convection,
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except that the constant g is an adjustable model pa-
rameter that does not depend, for example, on temper-
ature (Schneider 2004; Schneider andWalker 2006). The
convection scheme essentially sets the lapse rate in the
tropics; it does not control but can influence the lapse rate in
the extratropics, particularly in weakly baroclinic climates
or when the rescaling parameter g is small (Schneider
and Walker 2006; Schneider and O’Gorman 2008).
In this study, we vary the rescaling parameter g to
study the effect of the convective lapse rate on storm
track position. To disentangle the effect of convective
lapse rate changes that are global from those that are
confined to the tropics, we consider two scenarios. 1)We
use a constant rescaling parameter g globally and vary
that. 2) We use an equatorial rescaling parameter ge
within 108 of the equator and an off-equatorial param-
eter gx outside this equatorial band, and we set gx 5 1
and vary ge. The second scenario resembles in some
aspects the tropical heating simulations of Butler et al.
(2010), but here we do not provide an additional en-
thalpy source to the tropical atmosphere, which would
directly modify meridional temperature gradients.
Our goal is to investigate the mechanisms that may
contribute to the poleward shift of storm tracks under
global warming. Surface temperature increases have a
number of consequences, among them an increase in the
height of the tropopause if lapse rates remain fixed or
decrease [see Held (1982) or, for a review, Schneider
(2007)]. To study such effects separately, we perform
two sets of simulations. In the first set, we vary the mean
radiative equilibrium surface temperature T
e
s from 270
to 365K in increments of 5K, implying an increasing
optical thickness from (3) in radiative equilibrium, as the
temperature at the top of the atmosphere Tet is kept
fixed. (While absolute temperatures do not affect dry
dynamics, increasing the surface temperature in radia-
tive equilibrium increases; for example, the tropopause
height because the temperature at the top of the atmo-
sphere Tet is kept fixed.) We perform this set of simula-
tions for fixed convective lapse rates that are either
globally constant or that assume different values near
the equator and away from it (see Table 1), with the
lower convective rescaling parameter g 5 0.7 roughly
giving present-day moist-adiabatic convective lapse rates.
In the second set of simulations, we keep the mean radi-
ative equilibrium surface temperature fixed (T
e
s 5 340K)
and vary the convective lapse rate by varying the re-
scaling parameter in increments of 0.02, either globally
or varying it only near the equator while keeping gx5 1
fixed (see Table 1). All simulations are spun up for two
years, after which flow variables are sampled four times
daily over a further two years and are then temporally
and zonally averaged.
3. Simulation results
Figures 1 and 2 show a sample of the simulated cli-
mates at the extremes of the scenarios investigated. It is
apparent from the figures that the tropopause height and
the subtropical jet speed increase with increasing radi-
ative equilibrium temperature and increasing convec-
tive stability, as expected from radiative equilibrium
considerations (Schneider 2007) and thermal wind shear
extending over a deeper troposphere. The maximum of
the eddy momentum flux convergence migrates pole-
ward and upward. The Hadley cell strengthens with in-
creasing radiative equilibrium temperature, but it weakens
with increasing convective stability. The shallow recir-
culation in the streamfunction seen in Figs. 1c,d and 2c
results from flow separation induced by an adverse
pressure gradient caused by the change in the convective
lapse rate across 108 latitude (reversal of the near-surface
meridional temperature gradient); however, our results
are unaffected.
Table 2 (upper block of rows) and Fig. 3 show how the
storm track location (as determined by the latitude of
maximum barotropic EKE) responds to radiative equi-
librium temperature changes. The storm tracks migrate
poleward with increasing radiative equilibrium tem-
perature in all convection scenarios; the magnitude of
the poleward migration increases as the convective sta-
bility increases. These findings are qualitatively similar
to those we obtain using other proxies for storm tracks,
including extrema of the mean surface westerlies and of
eddy heat fluxes (cf. Fig. 1). It is interesting that all storm
track proxies studied migrate poleward in the statically
neutral convection scenario: ge 5 1, gx 5 1. This shows
that changes in moist processes are not a prerequisite for
poleward migration of storm tracks. Dry dynamics can
explain part of the storm track response to warming. It
TABLE 1. Simulation parameters (surface temperature ranges
are incremented by 5K and convective lapse rate ranges are in-
cremented by 0.2Kkm21).
Convection
scenario
Surface
temperature
(K)
Tropical
convective lapse
rate (Kkm21)
Extratropical
convective lapse
rate (Kkm21)
ge 5 0.7,
gx 5 0.7
270–365 6.9 6.9
ge 5 0.7,
gx 5 1
270–365 6.9 9.8
ge 5 1,
gx 5 0.7
270–365 9.8 6.9
ge 5 1,
gx 5 1
270–365 9.8 9.8
ge variable,
gx 5 1
340 6.0–9.8 9.8
gx variable,
gx variable
340 6.0–9.8 6.0–9.8
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also shows that a fraction of the poleward migration of
the storm tracks is independent of convective stability
variations.
Changes in the height of the tropopause have been
cited as a primary cause of the poleward migration of
storm tracks (Williams 2006; Lorenz and DeWeaver
2007). We also find that increasing the radiative equi-
librium temperature leads to a rise in the height of the
tropopause and a poleward migration of storm tracks
(see also Schneider 2004). It is likely that the rising
tropopause facilitates the dynamics necessary for a
poleward migration of storm tracks, but the causality is
not obvious. Furthermore, counterexamples exist; for
example, during El Ni~no events (narrow tropical heat-
ing), the tropopause height increases while the storm
tracks move equatorward. In this situation, tropical
temperature gradient changes dominate over stability
changes, leading to an equatorward shift of the jets and
a contraction of the Hadley circulation (Seager et al.
2003; Tandon et al. 2012).
Figure 4 shows the response of barotropic EKE to
increasing tropical and global convective stability. The
FIG. 1. Sample of simulated climates as the radiative equilibrium surface temperature is varied: (a) coldest climate
with g 5 0.7 globally, (b) warmest climate with g 5 0.7 globally, (c) coldest climate with ge 5 0.7 and gx 5 1, and
(d) warmest climate with ge 5 0.7 and gx 5 1. (left) Mean zonal wind (black contours with interval 8m s
21), eddy
momentum flux divergence (filled contours with interval 173 1026m s22; yellow is positive), and tropopause [thick
red line, World Meteorological Organization (WMO) criterion]. (right) Potential temperature (black contours with
interval 15K), mass flux streamfunction (blue contours with interval 30 3 109 kg s21). Comparing (a) with (b) and
(c) with (d) shows the response to mean radiative equilibrium temperature changes. The circles show the location of
the storm tracks as indicated by extrema in barotropic eddy kinetic energy (red), meridional eddy potential tem-
perature flux (green), vertical heat flux (cyan), and surface westerlies (black).
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results show that the storm tracks generally migrate
poleward with increasing global and tropical convec-
tive stability. On the interval 0.8 & ge & 0.9, the storm
track migration is essentially the same (a linear regres-
sion showing about 28 poleward per 1Kkm21) whether
or not the extratropical convective stability (gx) is
varied along with the tropical convective stability (ge).
For ge & 0.8 (which include Earthlike climates), the
poleward migration is enhanced by a further 18 lat-
itute per 1K km21 if gx is varied simultaneously with
ge, showing the increasing influence of convection on
the extratropical static stability and the storm track
response (Schneider and Walker 2006; Schneider and
O’Gorman 2008).
FIG. 2. Sample of simulated climates as the convective stability is varied. (a) Most stable and (b) least stable
climates with variable ge and gx 5 1. (c) Most stable climate with globally uniform convective stability, g 5 0.6.
Plotting conventions are as in Fig. 1 except the contour interval of eddy momentum flux divergence is 18 3
1026m s22. Compare (a) to (b) for the response to global convective stability changes and (b) to (c) for the response
to tropical convective stability changes.
TABLE 2. Storm track response to variations inmean radiative equilibrium temperature (top four rows) and convective stability (bottom
two rows). Columns from left to right are the convection scenario, the latitude of the storm tracks in the coldest and warmest climate, the
latitude of the storm tracks in the least and most stable climate, the total storm track latitudinal migration over the climate range, and the
maximum storm track excursion (the difference between the maximum and minimum latitudes reached by the storm tracks).
Convection scenario Coldest Warmest Least stable Most stable Migration Maximum excursion
ge 5 0.7, gx 5 0.7 368 508 — — 148 148
ge 5 0.7, gx 5 1 348 478 — — 138 148
ge 5 1, gx 5 0.7 378 468 — — 98 98
ge 5 1, gx 5 1 338 428 — — 98 98
ge variable, gx 5 1 — — 418 468 68 68
ge variable, gx variable — — 418 508 108 118
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Previous studies have shown a dependence of storm
track response on storm track latitude (Kidston and
Gerber 2010; Garfinkel et al. 2012). This result is qual-
itatively reproduced in our simulations varying convec-
tive stability (Fig. 4) and varying radiative equilibrium
temperatures (top right panel of Fig. 3): the storm
track’s poleward migration levels off at the highest lat-
itudes. Additionally, storm tracks shift little as the con-
vective stability is varied for g * 0.9; the reasons for this
are unclear.
All simulations show that the Hadley circulation
widens as the storm tracks migrate poleward (Figs. 3 and
4)—a correlation noted previously by Kang and Polvani
(2010) and Ceppi and Hartmann (2012). But Fig. 4
shows more particularly that storm tracks migrate in
tandemwith theHadley cell terminus when varying only
the tropical convective stability; however, the migration
is less parallel when the convective stability is varied
globally. Nonetheless, this suggests that the Hadley
cell is responsible for communicating the variations in
tropical convective stability to the storm tracks in the
midlatitudes. The role of the tropical convective stability
in eliciting a response in themidlatitude storm tracks has
not been previously identified. This result complements
the results found by Butler et al. (2010). It also raises
questions about the mechanisms facilitating the requi-
site tropical–extratropical interactions.
Using our simulations, we estimate the individual con-
tributions of changes in radiative equilibrium tem-
perature and tropospheric stability to the storm track
FIG. 3. Barotropic eddy kinetic energy as a function of latitude plotted across climates with increasingmean surface
temperature in radiative equilibrium. The convection scenario is stated above each plot. Here, ge is the convective
stability rescaling parameter within6108 of the equator; gx is the value outside of this latitude band. The white dots
show the EKEmaxima, each marking the storm track location in the respective climate. The thick white dashed line
shows the terminus of theHadley cell, defined as the latitude at which the Eulerianmass streamfunction changes sign
at the altitude where it achieves its extremum.
FIG. 4. As in Fig. 3, but showing storm track response to convective stability variations.
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response in a scenario similar to doubling CO2 concen-
tration on Earth. To do so, we assume a 287-K radiative
equilibrium temperature with ge5 0.7 and gx5 1 as the
initial Earthlike conditions. Then, we assume a canoni-
cal 3-K global-mean temperature increase when CO2 is
doubled. The mean temperature sensitivity is obtained
from the bottom left panel of Fig. 3 as the difference
between the storm track latitudesf(290K) andf(287K).
We use cubic spline interpolation to infer a 0.38 pole-
ward migration for the 3-K mean temperature change.
Sensitivity to changes in tropospheric stability re-
quires the change in g with a doubling of CO2. We use
the Clausius–Clapeyron relation to find the saturation
vapor pressure and mixing ratio at a reference pressure
(1000mb) and calculate the moist adiabatic lapse rate
change going from 287 to 290K. This gives a decrease of
0.3Kkm21 in lapse rate, or a 0.03 decrease in g. Finally,
we obtain the shift from the left panel of Fig. 4 as the
difference between the storm track latitudes f(ge 5
0.67, gx 5 1) and f(ge 5 0.7, gx 5 1). This yields a 0.58
poleward migration because of tropical convective sta-
bility changes. To a first order, we assume that the two
responses are additive; thus, our dry framework predicts
a 0.88 poleward migration of the storm tracks under CO2
doubling. This is less than what is found in studies with
more comprehensive GCMs, but it is of the same order
of magnitude (Yin 2005; Tsushima et al. 2006; Schneider
et al. 2010; Barnes and Polvani 2013). The discrepancy is
likely a result of the linearity assumption made here, the
neglect of either the extratropical static stability changes
associated with global warming or the many feedbacks
associated with global warming in moist atmospheres.
Nonetheless, if we consider the jet shifts reported in
Barnes and Polvani (2013) using simulations from phase
5 of theCoupledModel IntercomparisonProject (CMIP5),
our dry model accounts for 40% of the shift in the storm
tracks seen in the Southern Hemisphere and for 80% of
that in the Northern Hemisphere. The shift associated
with tropical stability changes is found to be 2/3 greater
than the shift associated with mean temperature changes.
This suggests that tropical stability changes are as im-
portant, if not more important.
4. Conclusions
We have presented a study that decouples mean
temperature effects from convective stability effects and
tropical effects from extratropical ones. We used an
idealized framework to investigate the storm tracks’
response to changes in the radiative equilibrium tem-
perature and in the global and tropical convective sta-
bility, each varied independently. The storm tracks are
found to generally migrate poleward with increasing
radiative equilibrium temperature and with increasing
convective stability, even in the absence of moisture
effects and with fixed pole–equator thermal contrast in
radiative equilibrium. Moreover, the storm tracks mi-
grate poleward as the climate warms in the statically
neutral scenario, meaning that dry dynamics may ex-
plain part of the storm track migration seen in moist
models. Indeed, when our results are translated to what
they imply for a moist framework, we found that the
change in mean temperature alone accounts for roughly
one-third of the storm tracks’ poleward migration, while
convective stability changes (i.e., changes in the moist
adiabatic lapse rate) account for the rest. Tropical con-
vective stability has a surprisingly large effect on the storm
tracks, suggesting that tropical–extratropical interactions
are important. It begs the question of how varying the
convective stability in a 108 zonal band around the equa-
tor leads to a poleward migration of the midlatitude
storm tracks. One possibility is through the Hadley cir-
culation, which was shown to expand in tandem with the
storm tracks in many (but not all) of the simulations.
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